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a b s t r a c t 

There has been much recent interest in understanding heat transfer in nanoparticle packings in nan- 

otechnology such as emerging photonics applications. In this paper, we analyze heat transfer between 

two plasmonic nanoparticles in finite contact and suspended in air to delineate the dominant modes of 

heat transfer. We have previously investigated the heat transfer analysis of laser heating in a nanoparti- 

cle packing such that interfacial thermal conductance between the nanoparticle packings in contact and 

the predicted average nanoparticle packing temperature matches with the observations of laser sintering 

temperature well when G IC is about 20 (MW/m 

2 K). When G IC is less than 20 (MW/m 

2 K), the primary 

pathway for heat transfer is that across the particle-air-particle interface. Thermal transport in these as- 

semblies is subject to electromagnetic field enhancements due to near-field energy transfer; however, we 

show that radiation heat transfer between the nanoparticles is not a significant heat transport mode. Sub- 

continuum thermal effects are found to strongly retard overall thermal transport between the particles 

through the air pathway. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Nanomaterials such as nanoparticles, nanorods, nanotubes have

ttracted great attention in nanotechnology for a wide range of

pplications in optoelectronic, quantum, and photonic devices and

ystems, as they have unique thermal and optical properties which

re quite different from their bulk properties, which can be tuned

y controlling their composition, shape, and size [ 1 , 2 ]. Plasmon

esonances can occur in a material when the material’s frequency-

ependent complex dielectric function approaches the negative of

hat for the surrounding dielectric medium [ 3 , 4 ]. Metal nanoparti-

les have been most extensively explored in these plasmonic ap-

lications due to their high electron concentrations, leading to

lasmon resonances at or near visible wavelengths. In addition,

oherent conduction-band collective electron oscillations in metal

anoparticles can support localized and surface plasmon polaritons

SPPs) [ 3 , 5 ]. These oscillations can result in enormous electromag-

etic field enhancements at metal-dielectric interfaces which lead

o intense scattering and absorption of light at the resonance of

he optical excitation [ 5 , 6 ]. Collective plasmon oscillations are in-

uenced by the structure and geometry of the nanoparticles, and
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E-mail address: anil.yuksel@utexas.edu (A. Yuksel). 

l  

c  

e  

w  

q  

ttps://doi.org/10.1016/j.ijheatmasstransfer.2020.119869 

017-9310/© 2020 Elsevier Ltd. All rights reserved. 
ocal enhancements in near-field intensity between nanoparticles

rranged in clusters can become especially high [ 7 , 8 ]. 

Nanofluids in which nanoparticles are in a dilute suspension

ave been of growing interest, as metal nanoparticles can be pre-

ented from oxidization and agglomeration as well as exhibiting

otentially enhanced optical and thermal properties [9–11] . Laser

llumination and heating of nanoparticles that are in a surrounding

uid medium is of increasing interest in nanotechnology such as

hotonic sintering for electronics, and in photothermal applications

12–15] . High intensity laser radiation can change the properties

f both the condensed matter particles and the surrounding effec-

ive medium [ 14 , 15 ]. Thus, analysis of nanoscale plasmonic heat-

ng in nanoparticle assemblies and from nanoparticles to a fluid

nvironment has become crucial to the creation and understand-

ng of the near-field thermal energy transport around nanoparti-

les. However, there are many challenges in understanding heat

ransfer at the sub-micron scale because the characteristic mean

ree path of the heat carriers becomes comparable to the charac-

eristic dimensions of the nanoparticles. For example, ballistic con-

itions can dominate both phonon and electron transport when

lectrons are moving across small distances, resulting in nonequi-

ibrium thermal conditions between the energy carriers, which be-

omes significant at picosecond (10 −12 s ) time scales [ 16 , 17 ]. Thus,

lectron and lattice temperatures must be analyzed individually

hen laser pulse durations are shorter than the effective time re-

uired for lattice and electron temperatures to equilibrate. Due

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119869
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to this non-equilibrium thermal process, the lattice temperature

could be lower than the electron temperature [16–18] . Specifically,

laser energy is absorbed initially by the conduction electrons in

metal nanoparticles via photon-electron interactions. The electron

Fermi distribution is reestablished during the electron relaxation

time, which is on the order of femtoseconds (10 −15 sec) [ 19 , 20 ].

Heat transport to the lattice via electron-phonon interactions oc-

curs at a later stage, with the electron-phonon coupling time being

on the order of tens of picoseconds. Collisions of electrons with the

other electrons, lattice defects, and boundaries results in heating

of metal nanoparticles; and energy exchange and the increase in

the lattice temperature of metal nanoparticles are determined by

the efficiency of these collisions. Since thermalization time, which

is the characteristic time for electrons and lattice to reach ther-

mal equilibrium, and the laser pulse width are often comparable, a

two-step temperature model has been widely used to describe this

thermal energy transfer [ 21 , 22 ]. 

The diffusion equation can still be used to analyze the en-

ergy transfer if the applied laser pulse width is much longer than

the electron-lattice and electron-photon relaxation times [ 23 , 24 ].

Heat dissipation from the metal nanoparticles to the surround-

ing medium occurs at a longer timescale [25] so understanding

the effect of this excess heat transfer on the surrounding medium

and the influence of plasmonic interactions between the nanopar-

ticles become essential. Moreover, reductions in electron mean

free path due to interfacial or boundary scattering and electron-

electron scattering lead to thermalization of the electron gas at

the elevated temperature [26] near the metal nanoparticles and

the surrounding medium, and it becomes very important to un-

derstand the effect of this on overall plasmonic heating. 

Interfacial thermal conductance, or Kapitza conductance, be-

tween the nanoparticles and the surrounding medium results in

a finite temperature discontinuity across the interface [ 27 , 28 ]. The

interface’s resistance to thermal flow becomes very important and

plays a key role in the effective thermal resistance between the

nanoparticle and the surrounding medium. Thus, sub-micron heat

transfer effects also need to be considered when the characteris-

tic length scale of energy carriers becomes comparable to the di-

ameter of the nanoparticles. Whether these effects are important

depends on the thermal resistance of competing pathways in the

system. For two nanoparticles in contact, for example, heat con-

duction through the particle volume occurs in series with heat

transfer across the contact resistance between particles. This in-

terfacial thermal conductance is dependent not only on the ma-

terial properties of the two particles, but also on the interfacial

roughness, effective contact area, contact pressure, and other fac-

tors [28–30] . In addition, radiation heat transfer between particles,

including near-field radiative transport, as well as conduction heat

transfer through the air or other medium surrounding the parti-

cles, may also play a role [ 31 , 32 ]. 

In this paper, we consider a situation commonly encountered in

many laser-induced plasmonic heating applications such as pack-

ing of metallic nanoparticles irradiated by a laser for a duration far

longer than the relaxation time of carriers within the system. We

conduct a scale analysis to evaluate the competing pathways for

heat transfer within the particle assembly, and identify interfacial

contact conductance as an important factor controlling heat trans-

fer in the assembly. We also analyze the dominant modes of heat

transfer in a metal nanoparticle assembly which are irradiated by

laser, and validate the model by comparing the predicted average

nanoparticle packing temperature with experimental data. 

2. Nanoscale thermal model 

We developed an electromagnetic-thermal model to estimate

the temperature distribution of copper nanoparticle packings that
ave a log-normal distribution with 116 nm mean nanoparticle ra-

ius and 48 nm standard deviation which corresponds to values

easured experimentally. Agglomeration was prevented within the

anoparticles by applying coating on their surface and nanoparti-

les were suspended in ink solution that result in having not finite

ontact area between the nanoparticles. In other words, nanopar-

icles were closely spaced and having minimal contact with each

ther. The effect of cohesive forces between the particles that cre-

te the particle packing was initially simulated by DEM [9] , which

as used as a geometry input for the electromagnetic-thermal

odel. Very good observation was made between the DEM results

nd the experimentally investigated nanoparticle distribution from

ur previous work [33] . The optical interactions due to the elec-

romagnetic heating in the coupled model were analyzed by calcu-

ating the energy absorption efficiency of the randomly distributed

anoparticles packings [34] , and a volumetric heat source due to

aser-particle interactions was included in the thermal computa-

ions [33] under various laser fluences which the laser deposition

ime is much larger than carrier relaxation times. A heat trans-

er model was then implemented to simulate the thermal inter-

ctions within the nanoparticle packing. A Finite Element Analysis

FEA) was applied to solve the coupled electromagnetic-heat trans-

er model numerically by implementing an interfacial thermal re-

istance at the surface of each nanoparticle interface as a bound-

ry condition in COMSOL [35] . We varied the value of the interfa-

ial thermal conductance G IC in the model to fit experimental re-

ults indicating that sintering of copper nanoparticles starts around

00 K [33] . It was observed that the mean nanoparticle packing

emperature reaches 730 K when G IC = 20 (MW/m 

2 K) under a laser

rradiation of 2.6 kW/cm 

2 in the electromagnetic-thermal model,

hich is close to the temperature observed in experiments with

imilar laser illumination powers [33] . Additional details regarding

his model can be found in Ref. [33] . 

As depending on the deposition and the nanomanufacturing

echnique, the contact area between the nanoparticles could be

ifferent which is also very difficult to measure at nanoscale. Thus,

e further elucidate the results from our previous work by us-

ng the parameters identified as most important in influencing

eat transfer and analyzing the influence of variations in those pa-

ameters on thermal transport in a model two-particle assembly

n the present work. Specifically, we use a typical two nanopar-

icle assembly in which two nanoparticles that are 100 nm ra-

ius and with a finite contact by varying the contact radius from

 to 8 nm -based on our numerical and experimental observa-

ions from our previous work [33] - to analyze the heat trans-

er modes between the nanoparticles in detail. Moreover, the ef-

ect of thermal transport between the two nanoparticles that are

00 nm radius were compared with the other particle sizes that

re mainly observed from the log-normal distribution of nanopar-

icle packing with 116 nm mean nanoparticle radius and 48 nm

tandard deviation when two nanoparticle assembly are in finite

ontact. 

We consider heat transfer between two identical copper

anoparticles in contact, surrounded by air, as shown in Fig. 1 . The

istance and the contact radius between the two nanoparticles are

lso labelled as ( l 1, 2 ) and ( R c ), respectively. There are three main

odes of heat transfer between the two nanoparticles: (1) ther-

al conduction between the particles ( G overall conduction ), which con-

ists of thermal conduction through the constriction at the con-

act ( G contact ), and thermal conduction across the interface between

hem ( G particle ), (2) thermal conduction through the air surrounding

he particles ( G air ), and (3) thermal radiation between the particles

 G rad ). These modes of heat transfer are illustrated in Fig. 1 and

epresented by the circuit diagram in Fig. 2 . Thermal modeling pa-

ameters used in the nanoscale thermal model in this study is also

rovided in Table 1 . 
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Fig. 1. Heat transfer modes between contacting particles. 

Fig. 2. Schematic of heat transfer resistance between the particles. 

Table 1 

Thermal modeling parameters. 

Parameter Value 

Particle Radius ( R 1 , R 2 ) 100 nm 

Effective Thermal Conductivity of 100 nm Particles( k 1 , k 2 ) 330 W/mK 

Bulk Thermal Conductivity of Air at 700 K( k air ) 0.052 W/mK 

Radius of Contact Area ( R c ) 2 nm-8 nm 

Particle’s Temperature ( T 1 , T 2 ) 701 K and 700 K 
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G contact = G IC A C (5) 
.1. Thermal conduction through constriction between particles 

Thermal conduction occurs between the two contacting parti-

les through the constriction between them, as illustrated in Fig. 1 .

n the diffusive limit, the total heat transfer rate between the two

articles is given by Eq. (1) [36] : 

 

( 1 , 2 ) 
r = 

4 k 1 k 2 
( k 1 + k 2 ) 

R c ( T 1 − T 2 ) (1) 

here k is the thermal conductivity, l 1, 2 is the distance between

he centers of the two particles, R and R are the radii of particles
1 2 
 and 2, and R c is the radius of the contact area [37] : 

 c = 

√ 

R 

2 
1 

−
(

R 

2 
1 

− R 

2 
2 

+ l 2 
1 , 2 

2 l 1 , 2 

)2 

(2) 

Therefore, the diffusive thermal constriction conductance for

wo identical particles in W/K is given by 

 particle, d = 2 k 1 R c (3) 

Prasher [38] and Singh et al. [39] analyzed heat transfer for

he situation when the length scale of the contact is of the same

rder or smaller than the mean free path of carriers. For metal-

ic nanoparticles, electron mean free paths are of the order 10–

00 nm, and depending on the length scale of the contact, ballistic

onstriction effects may be important. The ballistic conductance is

iven by [38] : 

 particle,b = 

6 πk 1 R c 

8 Kn 

(4a) 

here the Knudsen number Kn ( = λ/ R c ), and λ is the mean free

ath of electrons in the metal. Following [38] , an estimate of the

onstriction conductance for Knudsen numbers ranging from diffu-

ive to ballistic may be found by adding the ballistic and diffusive

esistances. The corresponding constriction conductance is given by

 particle = 

2 k 1 R c (
1 + 

8 Kn 
3 π

) (4b) 

.2. Interfacial thermal conductance between particles 

Interfacial thermal conductance due to closely spaced plas-

onic nanoparticles is critical for understanding the thermal trans-

ort between particles. There are various interfacial and surface

rregularity effects which may create high resistance to thermal

ransport [40] . In order to estimate the likely range of the inter-

acial thermal conductance, G IC , we employed an electromagnetic-

hermal model described in our previous work and it is observed

hat at G IC = 20 (MW/m 

2 K), the mean nanoparticle packing tem-

erature matches very well with the experimental results [ 33 , 34 ].

ence, G IC = 20 (MW/m 

2 K) is used for the analysis in this work,

xcept when otherwise indicated. The experiments employ a few-

anometer thick dielectric coating on the nanoparticles in order to

revent oxidization and corrosion [ 41 , 42 ]. This is expected to in-

rease the thermal resistance, and is effectively absorbed into the

alue of G IC in our simulations and analysis. 

Cahill et al. [43] studied thermal conductance values for a vari-

ty of interfaces and found them to fall approximately in the range

0–100 (MW/m 

2 K). However, there is no published experimental

ork specifically addressing interfacial thermal conductance be-

ween plasmonic nanoparticles to our knowledge. 

The contact conductance G contact is evaluated as in Eq. (5) where

 C is the finite contact area defined as πR C 
2 . 
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Fig. 3. The geometrical model used in numerical analysis to calculate thermal 

transport across particle-air-particle system. 
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2.3. Thermal conduction between the particles through the air 

Heat transfer due to thermal conduction through the air be-

tween the particles may be significant when two particles are

close together or in contact [44] as the mean free path of air

could potentially have an impact on the finite temperature jump

at the particle-air boundaries. So, the heat transfer between the

particle ( Q pa ) and the surrounded gas medium (air) in the sub-

continuum regime is calculated by solving the diffusion equation

in the air medium by applying the temperature slip boundary con-

dition on the nanoparticle surfaces [39] for two nanoparticle as-

sembly. Fig. 3 illustrates the two nanoparticle assembly’s compu-

tational domain in which 3D-Finite Element Method (FEM) is ap-

plied to find Q pa by solving Eq. (6) where k eff is the effective

thermal conductivity of the air. Temperature slip boundary con-

dition as shown in Eq. (7) is used on the nanoparticle surfaces

such that nanoparticle’s surface temperature ( T nanoparticle surface ) is

kept at 701 K and 700 K, respectively. Convective heat flux bound-

ary condition can be expressed on the nanoparticle surfaces as

( −n · q = h e f f ( T slip| boundary − T nanopar ticle sur face ) ) shown in Eq. (8a) .

Thus, effective convective heat coefficient ( h eff) can be written as

a function of k eff and a constant (A) shown in Eq. (8b) . A has

a function of accommodation coefficient of air molecules on the

nanoparticle surface ( αair ) which is ≈ 0.9 [17] , specific heat ratio

( η), dynamic viscosity of air ( ν) and Prandtl number ( Pr ). All other

boundaries are also chosen as insulated. 

k e f f ∇ 

2 T = 0 (6)

T slip| boundary = T nanopar ticle sur face + A 

∂T 

∂n 

(7)

∂T 

∂n 

= 

k e f f 

A 

(
T slip| boundary − T nanopar ticle sur face 

)
(8a)

A = 

2 − αair 

αair 

2 η

η + 1 

2 ν

P r 

√ 

π

8 RT 
(8b)

The mean free path of gas molecules in air at atmospheric pres-

sure and a temperature of 300 K is 66.5 nm [17] and scales as 
√ 

T ;

at the sintering temperature of 700 K, the mean free path would

be about 104 nm [39] . Thus, the Knudsen number Kn ( = λ/R c ) for

thermal transport in air becomes approximately 1–1.5 and a reduc-

tion in bulk thermal conductivity of air ( k air ) is expected because

of boundary scattering and sub-continuum effects that yields a re-

duction in gas-phase mean free path. 

Singh et al. [39] computed heat transfer for a spherical particle

on a substrate in air, considering phonon transport in the parti-

cle and substrate and gas phase transport in the air. The phonon

Boltzmann transport equation (BTE) was solved in the sphere, and
he heat diffusion equation in the air, by applying temperature slip

oundary conditions between the sphere and air. They found that

as pathway may be significant for smaller contact areas and lower

article conductivities than those considered here. Singh et al.

39] extended this framework by considering the coupled transport

f phonons and gas molecules through a single integrated BTE for

oth carriers. 

An estimate of the potential impact of sub-continuum heat

ransfer in the gas phase may be found by considering heat trans-

er in a plane layer of air bounded by walls at different temper-

tures. We may estimate the reduction in thermal conductivity

17] in the Knudsen number range of interest as 

k e f f 

k air 

= 

(
1 + Kn 

2 − αT 

αT 

9 γ − 5 

γ + 1 

)−1 

(9)

Here αT is the thermal accommodation coefficient and γ is the

pecific heat ratio of air. Using the above expression, 
k e f f 

k air 
can be

stimated to be in the range 0.15–0.21 for αT = 0.9 [39] . Thus, a sig-

ificant reduction in thermal conductivity of air may be expected

t these length scales and operating conditions. Thus, the thermal

onduction conductance ( G air ) through the air between the parti-

les in W/K can be found by Eq. (10) , where 	T is the temperature

ifference between the nanoparticles which is kept by 1 K. 

 air = 

(
Q pa 

	T 

)
(10)

.4. Near-field thermal radiation between the particles 

Near-field thermal radiation heat transfer between two particles

ay be represented by Eq. (11) 

 ( ω, T , d ) = πd R h ω ( d ) (11)

here d is the gap between the particles and h ω ( d ) is the near-

eld heat transfer coefficient [17] . The near-field heat transfer co-

fficient can be expressed by Eq. (12) which represents the contri-

ution of surface polaritons in the near-field. Here ε1 and ε2 are

he dielectric functions of the particles 1 and 2, respectively, k B is

oltzmann’s constant, and 2 π� is Planck’s constant. 

 ω ( d ) = 

1 

π2 d 2 
ε′′ 

1 ε
′′ 

2 

| 1 + ε1 | 2 | 1 + ε2 | 2 
k B 

(
h̄ ω 

k B T 

)2 
exp 

(
h̄ ω 
k B T 

)
(
exp 

(
h̄ ω 
k B T 

)
− 1 

)2 

(12)

Hence, the thermal conductivity due to near field radiation

 G rad ) is given by Eq. (13) . 

 rad = 

∞ 

∫ 
0 

G ( ω, T , d ) dω (13)

. Overall heat transfer analysis 

In this section, we investigate the heat transfer between two

opper nanoparticles with radii of 100 nm each. The average tem-

erature of nanoparticles is set to be about 700 K which is the

pproximate temperature at which sintering is observed to start.

he nanoparticles are all assumed to have diffuse surfaces and

re treated as completely opaque. The contact radius ( R c ) between

he nanoparticles is observed to be between 2 nm-8 nm in our

anoparticle packing simulations [33] . The overall conduction due

o constriction resistance and interfacial contact resistance is a se-

ies combination of the two resistances so the overall conduction

onductance ( G overall conduction ) can be expressed as in Eq. (14) . As

he air resistance and the radiation resistances are parallel path-

ays with the pathways through the particles, total conductance
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Fig. 4. G rad vs. distance between the particles ( d ). 
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 G total ) can be calculated by Eq. (15) . 

 ov erall conduction = 

G particle × G contact 

G particle + G contact 
(14) 

 total = G ov erall conduction + G air + G rad (15) 

For a 100 nm radius copper nanoparticle with contact radius

 c in the range of 2 nm - 8 nm, G particle is computed to be ap-

roximately 2.9 × 10 −8 – 4.4 × 10 −7 W/K. For this range contact

adii, G contact is approximately 2.5 × 10 −10 – 4 × 10 −9 W/K given

 IC = 20 MW/m 

2 K from our earlier study [33] . Thus, it is clear that

 contact is the controlling parameter in determining G overall conduction 

or the range of parameters involved. Ballistic carrier transport

ffects are important in determining the constriction resistance;

owever, heat transfer through the contact is controlled almost en-

irely by the interfacial contact resistance. 

For the example of two particle system, the conductance

hrough the air between the particles ( G air ) is found as approx-

mately 4.5 × 10 −10 W/K assuming effective thermal conductiv-

ty for air; this is comparable with conduction through the con-

act ( G contact ) when R c is 2 nm and G air starts to reduce by up

o an order of magnitude smaller than G contact when R c is 8 nm.

hus, it is found that the conduction through the air surrounding

he particles will only start to become important when G IC is less

han ~3 MW/m 

2 K when gas (air) rarefaction effects is considered.

eat transfer due to radiation is also calculated to be at least four

rders-of-magnitude lower than the heat transfer due to conduc-

ion between the particles ( G rad = ~4.4 × 10 −14 W/K at 730 K for

 particle separation distance of 0.01 nm and illustrated in Fig. 4

s a function of distance). Therefore, the radiative heat transfer be-

ween particles is not a significant effect in the overall heat trans-

er between the particles, which is consistent with literature [45] . 

Overall, this exemplar two particle system shows that the most

ignificant mode of heat transfer between the particles in the

anoparticle cluster is particle-to-particle conduction through the

ontact interface between the particles and that the overall ther-

al conductivity of the nanoparticle cluster is set by the interfacial

ontact conductance, G IC . However, this result is dependent on the

xact contact radius, particle radius, and interfacial contact resis-

ance of the particles. For example, more heat transfer through the
ir between the particles will occur if the particle size increases

nd everything else is held constant. Similarly, if the contact ra-

ius ( R c ) decreases with all the other parameters held constant,

he proportion of the heat transfer through the air will increase

elative the other heat transfer modes. The effect of the contact

adius on the mode of heat transfer is shown in Fig. 5 . When R c is

ess than 3 nm, G air becomes an important mode of heat transfer

or the 100 nm particle system with an interfacial contact conduc-

ance of 20 MW/m 

2 K. 

As the exact contact area is difficult to estimate between the

anoparticles, the effect of the contact areas is characterized typi-

ally by a Hertzian contact model based on the particle-to-particle

nteractions once the particles are allowed to settle into their fi-

al, lowest energy configuration [9] . This means that particle sizes,

olvent medium properties, and particle coating determine the ex-

ct contact areas between the particles. Thus, exact contact area

s expected to vary from particle to particle and from nanopar-

icle cluster to cluster as they would be in typical experimental

anoparticle packings. Therefore, the uncertainty of the exact par-

icle size is already captured in the uncertainty analysis presented

n our previous work [ 9 , 33 , 46 , 47 ] and the effect of contact area is

nvestigated in this work to understand the thermal transport be-

ween the most common particle sizes within the experimentally

bserved particle distribution. However, the interfacial contact con-

uctance is an estimate designed to match average particle pack-

ng temperature with measured experimental data [33] . Further re-

earch is necessary in order to determine this value more precisely.

. Effect of interfacial thermal conductance on overall heat 

ransfer modes 

The effect of the thermal interface conductance on the ratio of

he heat transfer through the air to the heat transfer through the

article-to-particle interface for contact radius of R c = 8 nm was

alculated and is presented in Fig. 6 . For interfacial conductance

onstants less than 20 MW/m 

2 K, the effect of thermal conduction

hrough the air ( G air ) becomes very important and the dominant

ode of the heat transfer happens to be not interfacial contact

onductance. Therefore, G starts to become significant as both
air 
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Fig. 5. G air /G overall conduction vs. R c . 

Fig. 6. G air /G overall conduction vs. G IC for R c = 8 nm. 
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interface and air conductance are important modes of heat trans-

fer. 

Since the preliminary analysis of the two particle system shows

that the exact value of G IC can have a significant effect on the heat

transfer modes, a study was conducted to determine the effect of

the interfacial thermal conductance constant on the average tem-

perature in the nanoparticle packing based on our previous study

[33] . The results of this study, shown in Fig. 6 , suggest that when

G IC is less than 20 MW/(m 

2 K) for R c = 8 nm such that G contact be-

comes approximately as 4 × 10 −9 W/K, the nanoparticles’ temper-

ature are expected to be highly dependent on the G IC value. Once

G IC is less than about 3 MW/(m 

2 K), conduction through the air

around the nanoparticle controls the overall mode of heat trans-

fer. This makes sense because as G IC decreases more of the heat

transfer occurs through the air as opposed to through the inter-

face between the particles. Also, nanoparticles’ temperature are ex-
ected to decrease very gradually with increase of G IC beyond 20

W/(m 

2 K). 

The calculated G air for two 100 nm particle radius is also com-

ared with most commonly observed different radius of particle

izes (R 1 , R 2 ) within the previously analyzed nanoparticle packing

istribution [33] . As the G air is calculated from the FEM simula-

ion described in Section 2.3 , the R c is automatically scaled with

he analyzed particle sizes shown in Table 2 . It is observed that as

he particle size difference increases, G air starts to increase. For in-

tance, for case 5 that represents the 180 nm radius particles, G air 

s found more than 3 times of the 100 nm radius two nanoparticle

ssembly case. This ratio ( G air ( R 1 / R 2 )/ G air (100 nm /100 nm)) further

ncreases with increasing particle size and becomes more than 11

imes when particle radius becomes 374 nm. This makes sense

ecause surface area that thermal transport happens between

article-air increases which leads to enhancing the contribution of
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Fig. 7. G air ( R 1 / R 2 )/ G air (100 nm /100 nm) vs. Case. 

Table 2 

Effect of particle size on thermal conduction through air. 

Case ( R 1 , R 2 ) ( G air )( R 1 / R 2 )/( G air )(100 nm/100 nm) 

1 (181 nm, 100 nm) 1.29 

2 (245 nm, 100 nm) 1.39 

3 (310 nm, 100 nm) 1.81 

4 (374 nm, 100 nm) 1.96 

5 (180 nm, 180 nm) 3.06 

6 (245 nm, 310 nm) 5.31 

7 (245 nm, 245 nm) 5.43 

8 (374 nm, 374 nm) 11.61 
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 air onto the overall heat transfer modes. All cases compared with

he two particle (100 nm, 100 nm) case is also illustrated in Fig. 7 .

However, these large temperature gradients between particles

ave typically not been observed in our experiments as evidenced

y the good uniformity in the sintering of the nanoparticles within

intering spot even when the laser power is near the sintering

hreshold [ 4 8 , 4 9 ]. If there were large temperature gradients be-

ween particles, we would expect to see some particles that are

bove the sintering threshold temperature start to neck and sinter

efore the other particles that are at lower temperatures. Further

tudies are needed for the effect of the morphological change on

verall heat transfer modes during the transient laser heating. 

. Conclusion 

The mechanisms of thermal transport between the plasmonic

anoparticles suspended in air were investigated in this study. It

as observed that the overall heat conduction is dominated by the

ontact resistance between the nanoparticles. Furthermore, radia-

ion is not an important mode of heat transfer and is at least five

rders of magnitude lower than the heat transfer due to conduc-

ion between the particles. When G IC < 20 (MW/m 

2 K), conduction

eat transfer from the plasmonic nanoparticles to the air was ob-

erved to be important due to the nanoscale thermal effects. Par-

icle size and contact radius were observed to affect the contri-

ution of the heat transfer modes; thus, the structure of the two

lasmonic nanoparticle in contact and suspended in air under laser

eating could change the dominant mode of overall heat transfer.

his could provide insight into designing novel nanoparticle self-

ssemblies to enhance the thermal transport between the plas-

onic nanoparticles. 
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